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Introduction
It is well known that concrete is a relatively brittle material. Randomly distributed short fibers may improve toughness of cementitious matrices by preventing or controlling the initiation, propagation or coalescence of cracks (Bentur and Mindess [1] ). In this way, concrete properties may be improved in a certain level (but not in all levels) if one type of fiber is chosen as reinforcement (Yao et al. [2]). If two types of fibers are used the influence in concrete properties will be even higher. It has been shown by using the concept of hybridization with two different types of fibers incorporated in a common cement matrix, that the hybrid composite can offer more attractive properties. It occurs because the presence of one type of fiber enables a more efficient utilization of the potential properties of the other type of fiber (Mobasher and Li [3] ). According to Ferreira et al. [4] , the modifications resulting from the addition of steel fibers to concrete, at relatively low rates (a maximum of 2%), are restricted only to the post-peak stage of the loading history. Under such conditions (at low rates), the steel fibers are not sufficient to inhibit the matrix cracking process which precedes the maximum load (subcritical growth of cracks). In order to improve the cement-based composite behavior during the pre-peak stage, the effect of incorporating steel microfibers with the conventional steel fibers was studied. In this way, a modification of the microstructure of the composite occurs, improving the process of stress transference from the matrix to the fibers. These materials were specifically developed for an application as a transition layer (Figure [1] ) and nineteen different composites were prepared in two stages (Stage I and Stage II). In the Stage I, the composites were developed for application as a transition layer of reinforced concrete beams strengthened by bonding CFRP sheets. In the Stage II, the composites were developed for application in transition layers of strengthened beams by the insertion of CFRP laminates in notches executed in this layer (near-surface mounted technique). In engineering practice ( Figure [1] ), the tensile bottom chord of reinforced concrete beams to be strengthened are frequently found to be damaged by mechanical actions, corrosion effects or cracking. In such cases, the strengthening process must be preceded by the recovery of the bottom chords. For this purpose, Ferrari [5] proposed the development of a high performance Portland cement-based composite with steel fibers and microfibers, destined to construct a transition layer as indicated in Figure [2a] . The mains idea was to remove part of the tensile bottom chord of the beams and reconstitute them using cement composite. The concept of transition layer is to create news bottom chords composed of a cement-based material with more appropriate characteristics for bonding the polymer reinforcement. Thus, in this study, new results were added to the results already presented in Ferrari [5] . These new results were obtained through the development and analysis of new composites using the nearsurface mounted technique, i.e., by inserting carbon fiber laminates in notches prepared in the transition zone ( Figure 2b ).
High performance fiber reinforced cement composites (HPFRCC)
Test setup
In order to evaluate the tensile strength of the developed cementbased composites, three point bending tests of prismatic specimens (150 mm x 150 mm x 500 mm) with central notch as recommended by Rilem [6] has been carried out. The tests were conducted in the Laboratory of Structures of the School of Engineering of São Carlos. Figure [3] shows the general configuration of the test, conducted by controlling the crack mouth opening displacement (CMOD), using a clip gauge. A servo hydraulic Instron apparatus was employed with a load cell of 100 kN capacity.
Composites analyzed
In the Stage I, thirteen composites were analyzed as shown in Table [1] . The composites were constituted by different volumes and types of steel fiber and also different types of cement matrix (mortar and microconcrete). The obtained composites were divided into groups formed by three prisms molded with the same characteristics. In the Stage II, an additional group of six composites (all of them made of microconcrete) was analyzed. The steel fiber specified by "A" has the commercial name FS8-Wirand (provided by the company Maccaferri -América Latina); it is 25 mm long (with hooks at its extremities) and has a diameter of 0,75 mm diameter, which results in a shape factor equal to 33. Fiber "C" was designed by Ferrari (2012) and produced by the same company specifically for this research, once this fiber is not available commercially. It is 13 mm long (with hooks at its extremities) and has a diameter of 0.75 mm, which results in a shape factor equal to 17. Because of these special characteristics, these fibers are called as steel microfibers (Fig. 4) . In the Stage II, composites containing 1,5% type A fiber were analyzed. A repetition using the composites CMP1A1C and CP-M1A2C (produced at the Stage I) was performed, but the composite CPM1A1.5C was also included. The selection of a fiber rate of 1,5% was motivated by the fact that in the Stage I this fiber rate was kept in 1%. Development of high performance fiber reinforced cement composites (HPFRCC) for application as a transition layer of reinforced beams
Composites composition and preparation
The composition of the constituting materials (Table [2] ) was designed to fulfill certain practical criteria, such as: n the use of Portland cement of high initial strength in order to obtain high strength at the first ages; n compressive strength of 50 MPa; n addition of superplasticizer additive to contribute to the workability of the cement paste; n observations of the dimensional compatibility of the maximum aggregate size, which should not be greater than 1/3 of the fiber length. The composites were produced using an electric mortar mixer with a capacity of 50 liters and an electric concrete mixer with a capacity of 300 liters. Six cylindrical specimens (100 mm x 200 mm) were molded for each composite to determine the compressive strength, the tensile strength by diametral compression and the elasticity modulus. These specimens were kept at the same curing conditions of the prism specimens (humid chamber). Fig. 5 shows the details of the material mixtures. In the present research, the development of composites with cement matrix constituted by mortar and microconcrete was conducted. Taking into account the fluidity of this materials when compared to concrete, they may be applied with great facility in reduced regions as the substrate of beams to be strengthened (tensile bottom chords of beams to strengthened). It is important to note that the composites for Stages I and II were not molded at the same time. Hence, for the preparation of the composites from Stage II, the trace of the cement-based matrix from Stage I was used as initial reference, with small adjustments made according to the dosage methodology and considering the characteristics of the aggregates involved in the mixture. From Table [ 2], the cement consumption is observed, and the w/c ratio of the composites produced in each of the two stages are practically the same. 
Results and discussions
Compression tests of the cylindrical specimens
The values for the mechanical properties of the composites, namely the average compressive strength (f cm ), the average tensile strength by diametral compression (f ctm,sp ), and the elasticity modulus (E cs ), are presented in Table [3] and were obtained on the same date of the flexural tests. In general, the addition of steel fibers decreases the compressive strength of the composites for both the mortar and the microconcrete. In addition, increasing the fiber volume influenced significantly the reduction in the compressive strength. Regarding the indirect tensile strength values, a strong dispersion of the results was observed. However, for the mortar composites, an increasing in the tensile strength may be observed when increasing the volumes of type A fiber (composites 2 to 4) and microfiber (composites 5 to 8). For the microconcrete composites produced at the Stage I, the tensile strength decreased with the increasing of the fiber volume. The exception was for the composite CPM1A2C, which presented a high value for this strength. Additionally, for the composites produced in Stage II, the highest strength value is obtained for this same composite, i.e, the composite CPM1A2C .
Loads and strengths
The flexural tenacity of the composites was determined following Rilem recommendations [6] . The criteria for tenacity evaluation is based on the energy absorption capacity, understood as the area under the force (F) versus displacement (d) curve. The contribution of these fibers to the composite tenacity is evaluated subtracting the portion of tenacity attributable to the response of the cementbased matrix. (1) are transformed into equivalent flexural tensile strength for the two different displacement levels d 2 and d 3 , respectively, as indicated by Figure 6 . The material load capacity relative to the pre-defined maximum displacement value is evaluated using the concept of residual flexural strength (F R,1 and F R,4 ). For each composite, three specimens were subjected to axial compression test and three to the diametral compression tensile test. It is important to note the drop in the strength f fct,L of the composite CPM1A in comparison to the composite CPM, which demonstrates that the isolated presence of steel fiber A did not improve the strength of the cement-based matrix. By incorporating steel microfiber (C) with fiber (A), the contribution of fibers to the flexural strength is significantly increased for the composites CPM1A1C and CPM1A2C. Regarding the flexural strength values, the increase of such strengths by the addition of steel microfiber to fiber A is notable. In the majority of composites, the equivalent strength f eq,2 surpasses the value of the strength f fct,L . This result indicates significant strength gains even after the cracking. Particular attention is drawn to the behavior of the composites CPM1A2C and CPM1.5A1.5C-II, with the latter produced in the Stage II. It should be mentioned that composite CPM1.5A1.5C-II was produced intending to complement the amount of fibers investigated in the Stage I.
Regarding the values of equivalent flexural strength (f eq,3 ), which represents the graph area until the vertical displacement (d 3 ), the higher tenacity of the previously cited composites can be highlighted, as well as the high tenacity of composite CPM1A1C. 
Figure 7 -Mortar composites: comparison between strength values
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P-CMOD curves
The P-CMOD curves of mortar composites are presented in Figure [9] . The presence of steel fibers and steel microfibers in the cement-based mortar matrix increased the energy absorption capacity and the strength levels before and after the matrix cracking. Increasing the type A fiber volume delivered some improvement in the composites ductility. With the addition of 0,5% of steel microfibers, however, it was possible to elevate the energy absorption capacity of the composite CPA1.5A to the same level as CPA2A. This elevation is advantageous taking into account that the workability of the composite is not modified by the microfiber. By another hand, the workability of the composite is significantly influenced by the increasing of the type A fiber.
The maximum values of force (F M ), obtained for composites CPA1.5A0.5C and CPA2A, are practically the same, i.e., 17,78 kN and 17,59 kN, respectively. The same behavior may be also observed for the flexural strength (f fct,L ), with values of 4,58 MPa and 4,56 MPa, respectively. The same statement may be established to the residual strength (f R,1 e f R,4 ) for this two mentioned composites. To visualize the effect of the steel microfibers in the initial Stage of the composite performance, Figure [10] shows the same curves displayed by Figure [9] , but now emphasizing the initial composite loading interval (CMOD up to 0.15 mm). In the composites with fiber A isolated, the branch after the matrix cracking is well defined with constant strength and variable CMOD. However, in the presence of microfibers, the stress transfer is gradual and occurs with increasing strength of the composites. The stress transfer process with cracking of the matrix is facilitated by the presence of microfibers. The dispersion of microfibers in the matrix increases the possibility of interception of cracks, sewing the cracks and increasing the composite strength. All P-CMOD curves of microconcrete composites are shown in Figure [11] . The presence of fibers and microfibers particularly improved the energy absorption capacity of these composites. The strength capacity was decreased with the isolated presence of fiber A (composite CPM1A). However, with the incorporation of 1% of type A steel fibers and 2% of microfibers, higher strength and energy absorption levels were reached. The same phenomenon was not verified for the incorporation of 2.5% microfibers. The maximum force reached by the composite CPM1A2C was 37% and 61% above the forces obtained for the composites CPM and CPM1A, respectively. By another hand, the equivalent flexural strength (f eq,2 ) of the composite CPM1A2C was 110% and 13% above the strength obtained for the composites CPM1A and CP-M1A1C, respectively. With the matrix cracking, based on the presence of microfibers, it was observed that the matrix-fiber stress transfer process occurred with increasing strength levels for the composites CPM1A1C, CPM1A2C, CPM1A2C-II, CPM1.5A1C-II and CPM1.5A1.5C-II. Furthermore, an improvement on the behavior of these materials was observed when microfiber volume increases from 1% to 2%, and from 1% to 1,5% for the composites produced in Stages I and II, respectively. Figure [ 13] presents the fracture strength curves of each cementbased mortar composites. Figures [14] and [15] present the fracture strength curves of microconcrete composites produced in Stages I and II, respectively. In these figures, "K R " indicates the fracture strength of the composite, and parameter "a" is the depth of the crack (a) standardized by the height (W) of the prism specimen, i.e., a = a/W. For the prism specimens (see Figure [3] ) the values of K R were obtained from the P-CMOD values using equation [2] , which is only valid for fracture Mode I. In this equation, the parameters are as described in Figure [3] , where function f(a) depends on the geometry and is determined using the procedures described by Ferreira [4] .
Fracture strength curves
From the analysis of the strength curves, it is possible to extract information about the performance of the composites in terms of strength to crack propagation. The final branches of the strength curves of the composites are rising, representing the post-peak phase of the loading history, where the gain of strength to crack propagation given by the steel fibers and microfibers is high. From Figure [13] , regarding the matrix without fibers (CPA), the expected low strength capacity to crack propagation is observed, evidenced by the small extension of the initial vertical branch. This fact suggests the subcritical spread of cracks even at low loading levels, eventually caused by the absence of coarse aggregates in the mixture. Nevertheless, the presence of fibers and microfibers in the matrix slowed this phenomenon. Even for small propagations of cracks (a = 0,2), the fracture strength of the composites with fibers were higher (between 33% to 18% depending on the volume of fibers) than the composites without fibers (CPA). The higher and the lower strengths to the 
Development of high performance fiber reinforced cement composites (HPFRCC) for application as a transition layer of reinforced beams
propagation of cracks were obtained for composites CPA1.5A2.5C and CPA1.5A, respectively. From Figure [13] , is possible to observe that the higher gains of strength were obtained adding the type C microfibers to the type A fibers. The fracture strength gain was well evidenced, especially in the post-peak branch. Among the mortar composites, the greatest fracture strength gain were observed for the composites CPA1.5A1.5C and CPA1.5A2.5C. From Figure [14] , it can be observed that for small crack propagation, the fracture strength of the composites CPM1A and CPM1A2.5C are lower than that one for composites without fibers. However, for more advanced stages of crack propagation, a > 0.6, the fracture strength of these composites surpass the fracture strength of the matrix without fibers. For the latter, the curve configuration (small declivity compared to the others) indicates low strenght of the material to the crack propagation. For a = 0.2, the fracture strengths of composites CPM1A1C and CPM1A2C were, respectively, 18% and 36% higher than the matrix without fibers. Compared to composite CPM1A, the increases were even more significant, 44% and 66%, respectively, demonstrating the beneficial effects of the microfibers on the fracture strength. From Figure [15] , it is evident that the fracture strength performance of the composites containing 1% of fibers improved gradually with increasing steel microfiber content. The same behavior is observed only for composites CPM1.5A1C-II and CPM1.5A1.5C-II containing 1.5% of steel fibers. Additionally, the performance of composite CPM1.5A2C-II was inferior to the others of its series.
Conclusions
From the conducted research, the following observations may be established: n The hybridization process is an interesting alternative for application in the recovery of tensile bottom chord of beams, once the addition of microfibers to the steel fibers increased the tensile stress in flexure and increased the flexural tenacity of the cement-based mortar and microconcrete composites; n With the cracking of the cement-based matrix, the stress transfer was facilitated by the steel microfibers, which being dispersed in the matrix in higher amounts, conditioned the crack propagation to the increase of the loading level; n Considering the pseudo-hardening characteristic and its specific application, composite CPM1A2C presented the greatest qualities among the products of the Stage I, designed for application to the reconstruction of the tensile bottom chords of reinforced concrete beams strengthened in flexure with CFRP sheets; n Among the composites produced in the Stage II, the behavior of CPM1.5A1.5C-II was noteworthy, as the hybridization process provided considerable increases in the maximum load as well as in the flexural and fracture strengths.
